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Abstract. T he  skin of ca rp  was exam ined  after exposure  
1 acidified water. D egenerative  cells were c o m m o n  in the 
ti '»per ep iderm al layers .D uring  the first days m ost of 
t ese cells exhibited signs of necrosis. L a ter  on the inci­
dence of necrosis decreased and  tha t  of ap o p to s is  in- 
c eased. In the acid-exposed fish, the upper  filament cells 
a id pavem en t cells p roduced  secretory  vesicles of high 
e x t r o n  density, som e of which show ed peroxidase  ac tiv­
ity. This enzym e activity was also present in the glycoca- 
1\ k covering  these cells, and  in the cy top lasm  of ap o p to t ic  
c 11s. M ito tic  figures and  newly differentiating m ucous  
cells were c o m m o n  in the o u te r  ep iderm al layers. M ucous  
cells becam e e longa ted  and  p roduced  m ucoso m es  of high 
electron density. M ucosom es  with perox idase  activity 
were also found. C lub  cells increased in num ber.  C hlor ide  
cells and  solitary  chem o-sensory  cells, not seen in the 
c ntrols, ap p ea red  in the upper  epithelial layer. The  skin 
w is invaded  by m a n y  leucocytes and  by p ig m en t-co n ­
taining cy top lasm ic  ex tensions of m elanocytes. Som e leu­
cocytes ap p a ren t ly  pene tra ted  into the club cells. These 
structural observa t ions  reflect the com plexity  of the 
physiological response of the skin to acid water.
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Introduction
A nthropogen ic  acidification of fresh w ater  has a serious 
impact on fish as well as o th e r  aqua t ic  organism s. It c au s ­
es d is tu rbance  of w ate r  an d  ion balance, reduced g row th  
and rep roduc tion ,  and  m ay eventually  lead to d is a p p e a r ­
ance of fish p o p u la t io n s  (F rom m  1980; M c D o n a ld  1983; 
Wendelaar Bonga a n d  D ederen  1986). The  d is tu rbance  of 
the w ater  and  ion balance is m ainly  caused by d am ag e  
inflicted upon  the gills, and, as a consequence, m any  a u ­
thors have exam ined  the h is topa tho log ica l  effects of acid
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w ater  on the b ranch ia l  ep ithelium  (W endelaar Bonga et 
al. 1990; Freda et al. 1991).
C ontras t ing ly ,  the skin surface ou ts ide  the branchia l  
a rea  has received little a t ten tion ,  a l th o u g h  it is a m etabo l-  
ically active tissue tha t  is im p o r ta n t  as a protective b a r r i ­
er between the w a te r  and  the organism . It rapidly  re­
sponds  to external challenges such as po l lu tan ts  or 
changes in the ionic con ten t  of the w ater  (W hitear  1986).
The epiderm is of teleost fish consists  of several cell 
types: filament cells, m ucous  cells, club cells an d  sensory 
cells. In m any  species also chloride cells may be present 
(W hitear  1986). The  epiderm is  is covered by a m ucus 
layer a t tach ed  to the tissue directly o r  via the glycocalyx 
(Iger et al. 1988). This layer forms an add it iona l  barr ie r  to 
potentia lly  harmful substances  in the water. It con ta ins  
pro teases  and  p h o sp h a ta ses  (Brown et al. 1990; Iger and  
A b ra h a m  1990) and  has also ion -concen tra t ing  capacities 
(F ro m m  1980).
In this paper  u l t ra s truc tu ra l  and  cytochemical 
changes of bo th  pa tho log ica l  and  adap tive  ch a rac te r  are 
described in the epiderm is and  the underly ing tissue of 
ca rp  exposed for different periods to w ater  of low pH. 
The  results m ay co n tr ib u te  to o u r  u n d e rs tan d in g  of the 
cellular responses of the skin to stressors.
Materials and methods
Fifty-seven juvenile male and female carp, Cyprinus carpio. weigh­
ing 3-4  g, were kept in 3 groups for an acclimation period of 20 days 
in artificial tap water (demineralized water to which were added in 
mmol.l 1: 3.8 N aCl;  0.8 C aC L ; 0.2 M g S 0 4; 0.335 N a H C O ,  and 0.06 
KC1) at pH 7.5 and a tem perature  of 22° C. To reduce experimental 
disturbance, each group  was subdivided and the fish were kept in 
different aquaria ,  with 3 fish per aquarium . One group  of carp 
remained at this pH for the whole period. For the o ther 2 groups, 
the pH of the water was lowered gradually over a period of 2.5 h to 
pH 5 or pH 6, respectively, by adding continuously  dilute H 2S 0 4, 
under con tinuous  aeration. During the experiment, the water 
pH was adjusted automatically  with pH -sta t  equipm ent (Consort,  
Belgium). The water was continually changed (about 30% per day), 
well aerated, and filtered.
Skin biopsies (3 x 3 mm) of 3 fish from each group were taken
3 h, 24 h, and 3, 7, 14 and 23 days after reaching the final water pH.
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Each fish was sampled once and samples from ihe same fish were 
used for LM. T E M  and SEM observation. The samples were taken 
from the dorsal part of the head of fish that were lightly anes­
thetized (Hypnocalmer. Jungle, Tex.), w ithout killing them. The tis­
sues were fixed in 3% glutaraldehyde in sodium cacodylate buffer 
(0.09 M, pH 7.3), washed in buffer and post-fixed in osmium tetrox- 
ide (1%) in the same buffer. Ethanol dehydrated  tissues were em ­
bedded in Spurr 's  resin. Thick sections (1.5 [i m) stained with tolu- 
idine blue were used for LM study. Thin sections, collected on 150 
mesh copper grids, were contrasted  with uranyl acetate and lead 
citrate and were examined in a Jeol 100 CX transmission electron 
microscope. For SEM, ethanol dehydrated  tissues were transferred 
into increasing concentra tions  of liquid C 0 2, coated with gold in a 
Balzers coating unit (CPD 020. Balzers, Switzerland), and examined 
in a Jeol-JSM T 300 scanning electron microscope. The detection of 
endogenous peroxidase activity was carried out with the conven­
tional d iaminobenzidine technique followed by fixation with glu- 
taraldehyde (Iger and A braham  1990). Control specimens were in­
cubated in the absence of H :0 2. Six fish (2 from each group) were 
subcutaneously  injected with horseradish peroxidase (H R P ;  Sigma, 
USA; 2.5 mg per 10 g body weight, dissolved in carp  saline) for the 
detection of pinocytotic activity and the extent of the intercellular 
spaces. Fish were sampled 1 h after injection. H R P  was visualised 
with the diaminobenzidine technique. The presence of mitotic cells 
was dem onstra ted  in 3 fish from each group. These fish were subcu­
taneously injected with colchicine (Merck. G erm any ;  2 mg 100 g 
body weight, dissolved in carp  saline). Fish were injected 20-22 h 
before dissection (total of 6 and 3 fish from the different groups, for 
days 14 and 23, respectively).
M orphom etrical  param eters  (number of cells per 1 m m  of sec­
tion length and epidermal thickness) were obtained from sections of 
1.5 |.i m thickness and abou t  3 mm length. D a ta  represent the mean 
±  S.D. of 6 sections per fish (3 fish per group), with 40-50  |.im 
intervals between the sections. Contro l  da ta  were similar during  the 
whole period and therefore were pooled (n =  17). The differences 
between experimental and control groups were tested for statistical 
significance with the Student /-test. For some m orphom etr ica l  
parameters,  da ta  represent the range of the values measured.
Results
Controls
Epidermis
The epiderm is was 70-80  pm thick (Table 1) an d  c o m ­
posed m ainly  of several layers of f i lam ent-con ta in ing  e p ­
ithelial cells (filament cells). The  upper  layer of cells was 
flattened (pavem ent cells). In add i t ion  m ucous  cells and  
club cells were present.
Filament cells. The  filament cells con ta ined  a web of mi­
crofilam ents  of ab o u t  8 nm  in d iam eter ,  and  were in te r­
connected  by desm osom es and  cy top lasm ic  in te rd ig i ta ­
tions. The  basal layer of filament cells was a t tached  to the 
underly ing  basal lam ina  and  ad jacen t connective tissue 
by hem idesm osom es. The  la t ter  cells displayed intense 
endocy to tic  activity (Fig. 1) at the basal pa r t  of the o u te r  
cell m em brane ,  as was reflected by the presence of several 
H R P -pos i t ive  endosom es  in fish injected with this m a r k ­
er (Fig. 2). H R P  also pene tra ted  freely between the fila­
m ent cells (Fig. 3) and  was found in the in tercellu lar 
spaces th ro u g h o u t  the epidermis. The  perm ea tion  of 
H R P  in the ep iderm is ended  at the tight ju n c t io n s  tha t  
connect the pavem ent cells. The la tter  cells (Fig. 4) were
Table 1. Epidermal thickness of control fish and fish exposed for 
different periods to acidified water
Pooled controls  (n=  17) 78.9 +  6.16
Time pH 5 (n =  3) P val. pH 6 (/? =  3) P val.
3 h 73.5 ± 8 .30 ns 75.2 ±7 .98 ns
24 h 64.8 ±  5.24 0.002 76.7 ± 8 .2 6 ns
3 d 57.2 ± 8.66 0.0005 65.3 ± 6.88 0.003
7 d 82.4 ±  11.32 ns 74.9 ± 9 .64 ns
14 d 94.6 ±  12.45 0.002 80.2 ± 1 1 .50 ns
23 d 112.9 ±14 .76 0.0005 84.9 ±  12.74 ns
charac ter ised  by folding of the apical cell m em b ran e  n to 
m icroridges of a b o u t  0.4 pm  high. T he  ridges con ta ins  a 
core of filaments tha t  ran parallel to their  long axis id 
tha t  were in tegra ted  in the filaments of the term inal w b. 
The  pavem en t cells con ta ined  few electron-lucent \ ni­
cies. O ccasionally  the la t ter  were seen to fuse with lie 
apical cell m e m b ra n e  and  to release their  con ten ts  by 
exocytosis. We could  not find any  en d o g en o u s  peroxi­
dase activity in the pavem ent cells o r  at the ep iden  al 
surface (Fig. 5a). At the skin surface (Fig. 6 ) depressed 
areas, representing  sites of s loughing  of a p o p to t ic  i id 
necrotic  pavem en t cells, were only exceptionally  four I.
M ito tic  cells were not observed  in co lch ic ine-un ti \  it- 
ed fish. E x am in a t io n  of colchicine-injected fish revealed 
8 -1 1  m ito tic  cells per 1 m m  of ep iderm al cross-section. 
M itosis occurred  from the second layer from the basis to 
the m iddle layers of the epidermis.
Mucous cells. T here  were a b o u t  110 oval m ucous  cells per 
m m  section length of the ep iderm is  (Table 2). Differei ti- 
a t ing  m ucous  cells were connected  by desm osom es  to 
ad jacen t  filament cells, and  con ta ined  an extensive r R 
and  well developed Golgi system. Small vesicles originat-
---------------------------------------------------------------------
Fig. 1. Basal filament cell Oi a control fish. Endosomes (arrows) ire 
seen a long the basal membrane, cl Connective tissue, x 52 00 ‘ 1
Fig. 2. Basal filament cell of a contro l fish. Endosomes (am  .w) 
contain  the H R P -m ark e r  that is present in the connective tissue. 
H R P -D A B  reaction, otherwise unstained, x 52 000
Fig. 3. B asal filament cell of a control fish. Intercellular spaces ire 
filled with HRP. H R P -D A B  reaction, x 8100
Fig. 4. Pavement cells of a control fish. G Golgi system; r micro­
ridges; s secretory vesicles, x 27 500
Fig. 5. Pavement cells with microridges, treated with DAB to re\eal 
endogenous peroxidase activity, otherwise unstained, a. Conirol 
fish showing negative reaction x 18 000 b. Acid-exposed fish (pi I 5. 
7 days); the glycocalyx is strongly positive, x 24 800
Fig. 6. S.E.M. of pavement cells at the skin surface in control fish- 
showing microridges, x 6600
Fig. 7. S.E.M. showing normal pavement cells and dark areas (t/r*
t
rows) representing depressed sites where apop to t ic  and necrotic 
cells where rejected. pH 5, 7 days, x 4950
Fig. 8. Necrotic pavement cell; pH 5, 3 h. x 18 000
Fig. 9. Apopto tic  pavement cell (arrow). pH 5, 7 days, x 31 800
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I able 2. N um ber  of m ucous cells per 1 mm of epidermal section 
length in controls  and fish exposed for different time periods to 
jeidified water
’ooled conlrols  (n=  17) 1 12.4+ 13.88
ime pH 5 (/? =  3) P val. pH 6 (/? =  3) P val.
h 106.8 ±  10.54 11 s 101.9 ±  11.76 ns
4 h 41.0 ± 5 .93 0.0005 89.7 ± 8 .3 4 0.014
d 26.8 ± 6 .7 6 0.0005 68.4 ± 9 .25 0.0005
d 93.7 ±  16.46 0.05 74.3 ±  11.36 0.0005
4 d 104.6 ±12 .43 ns 84.9 +  9.70 0.004
3 d 42.7 ± 9 .57 0.0005 83.6 +  7.31 0.003
able 3. N um ber  of club cells per 1 mm of epidermal section length 
i controls  and fish exposed for different time periods to acidified 
ater
ooled controls  ( / /=  17) 79.2 ± 8 .97
ime pH 5 (n = 3) P val. pH 6 (/? =  3) P val.
h 82.6 ± 5 .73 ns 81.4 ± 7 .66 ns
4 h 76.4 ± 8 .6 7 11 s 78.5 ± 9 .3 4 ns
d 34.7 ±6.21 0.0005 72.6 ±8.91 ns
74.3 ± 9 .46 11 s 71.3 ± 6 .8 4 ns
4 d 104.6 ±  11.60 0.0005 80.9 ±  10.17 ns
3 d 152.8+14.52 0.0005 98.1 +  1 1.42 0.004
d by b u d d in g  from the Golgi m em b ran e s  and  coalesced 
) form e lec tro n - t ran sp a ren t  m ucosom es  (Fig. 10) of 
bout 1 jam in d iam eter.  The  cell nucleus was located 
tsally in the cy toplasm . Cells filled with m ucosom es  had 
wer and  sm aller desm osom es  than  filament cells. They 
igrated to w ards  the ep iderm al surface where occasion-
g. 10. Part of m ucous cell of control fish, conta in ing electron- 
insparent mucosomes. x 19 000
g. 11. Pavement cell (p) with secretory vesicles (arrows) and mu- 
us cell (in) with mucosomes of increased electron density. rER  
>ugh endoplasm ic  reticulum; G Golgi area. pH 5, 14 days.
20 500
ig. 12. Part of a mucous cell with mucosom es showing endogenous 
roxidase activity; DAB reaction, otherwise unstained. pH 5, 7
tys. x 21 200 *
ig. 13. a. A popto t ic  pavement cell, showing endogenous peroxi- 
ise activity; D A B-reaction;  otherwise unstained. pH 5, 14 days x 
800. b Cytoplasm  of norm al pavement cell with vesicles showing 
Moxidase activity. pH 5, 7 days, x 28 800
ig. 14. M ucous cell at an early stage of apoptosis. The shrunken 
toplasm of the mucous cell, as well as the cover of the microridges 
the adjacent filament cells (arrows), show endogenous  peroxidase 
tivity; DAB reaction, otherwise unstained. pH 5, 3 days, x 6500
g. 15. Elongated mucous cell releasing mucus at its apical pole (a) 
d synthesizing electron-dense mucosomes at its basal pole (/?). 
1 5. 7 days, x 5100
g. 16. Apical part of chloride cell (c) between pavement cells (p). ts 
bular system. pH 5, 3 days, x 23 500
ally they were seen d ischarg ing  their contents .  T he  re­
m ain ing  cy top lasm  of the m u co u s  cells, usually not sh o w ­
ing signs of apop tosis ,  was occasionally  observed at the 
skin surface and  m ost likely d isappeared  by sloughing.
Club cells. The  club cells were less n u m ero u s  than  m u ­
cous cells (abou t  80 cells per m m  section length; Table 3). 
M a tu re  club cells were very large (abou t  27 x 20 jj m), 
and  were located only in the middle of the epidermis. 
They were charac ter ised  by a centrally  located m ultilo- 
ba ted  nucleus su r ro u n d e d  by a thin rim of cy top lasm  
co n ta in ing  rER , som e Golüi areas and  m itochondria .  
M ost of the cy top lasm  was electron t ra n sp a re n t  and  oc­
cupied by fine curved microfilam ents, with a d iam ete r  of 
4 -5  nm.
Leucocytes. L ym phocytes  were occasionally  found in the 
epidermis. Basophilic g ranu locy tes  were rarely seen. O th ­
er types of leucocytes were not seen.
Sensory elements. Merkel cells, each of them con ta in ing
10 to 15 small g ranules  per cross-section, as well as taste 
buds, were occasionally  observed. Solitary  chem o-senso- 
ry cells (W hitear  and  Kotrschal 1988) were not found, 
reflecting their rarity  in the areas  examined.
D erm is
In the derm is  capillaries were never found within 60 f.tm 
from the basal lamina. Endothelia l  cells show ed m any  
small t ra n sp a ren t  vesicles at the luminal a n d  the pe r iph ­
eral side of the endothelia l  cells. These vesicles were in­
dicative of endo-  and  exocytosis, respectively. P igm ent 
granules  were located in the cell bodies of melanocytes, 
and  were only occasionally  found in the cy toplasm ic  ex­
tensions of these cells. D erm al papillae, con ta in ing  axons  
and  capillaries, were scarce. Lym phocytes  and  basophilic  
g ranu locy tes  were rarely found.
A d iag ram  of the epiderm is and  the underly ing  derm al 
connective  tissue of con tro l  fish is presented  in Fig. 24.
Acid water - pH  5.0 
Epiderm is
The thickness of the epiderm is significantly (P <0.01 ) de ­
creased after 24 h and  3 days of acid w a te r  exposure, 
when co m p ared  to con tro l  fish. Later, the th ickness was 
restored  and  even significantly ( P < 0 .0 1 ) increased on 
days 14 and  23 (Table 1). The  ep iderm al surface had  a 
wavy ap p ea ran ce  th ro u g h o u t  the experim ent. This was 
p ro n o u n ce d  du r ing  the first 3 days and  after 23 days. The 
decrease in ep iderm al th ickness was associa ted  with signs 
of necrosis (swelling of the cells, d is rup tion  of m e m ­
branes) of m any  filament cells an d  pavem en t cells (Figs. 7, 
8 ).
Filament cells. T he  incidence of necrosis decreased du r ing  
the first days, and  m ore  and  m ore  of the degenerative
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pavem en t cells were a p o p to t ic  (cellular shrinkage, c o n ­
densa t ion  of cellular com pon en ts ,  loss of ju n c t io n a l  c o m ­
plexes; Fig. 9). O n days 14 and  23 the apop tos is  prevailed 
a m o n g  the degenerative  pavem ent cells. T he  outline  in 
the section of the non-degenera tive  pavem ent cells 
changed  from flattened to oval, and  show ed signs of in­
creased secretory activity: well developed rE R  and  Golgi 
areas. A lready  after 3 h small vesicles had  appeared ,  with 
a d iam ete r  of 150-200 nm  and  a finely g ra n u la r  o r  h o m o ­
geneous m atrix  of high electron density  (Fig. 11). Their  
n u m b er  increased rapidly  and  from 24 h onw ards ,  they 
also ap p eared  in the upper  2 or 3 layers of the filament 
cells. M ost of the high e lectron-dense  vesicles (abou t  2 5 -  
35 per cross-section of these cells) were observed on days 
7 and  14. Som e of these vesicles gave a positive response 
in the peroxidase  test (Fig. 13b). Such vesicles were loca t­
ed m ain ly  in cells lacking the glycocalyx cover. Perox i­
dase activity was p ro m in en t  in the cy top lasm  of a p o p ­
totic cells (Fig. 13a) and  in the glycocalyx cover of the 
skin surface (Figs. 5b, 14), especially in the glycocalyx of 
norm al,  ra the r  than  of a p o p to t ic  pavem ent cells. The  gly­
cocalyx itself was m ore  p ro n o u n ced  th an  in the con tro ls  
(Fig 5b). The  d is tr ibu tion  of injected H R P  in the intercel­
lu lar spaces was similar to  th a t  in the contro ls .  The  n u m ­
ber of desm osom es  decreased. The  term inal web in these 
cells becam e m ore  p ro n o u n ced  from day  3 onw ards ,  and  
the ridges becam e slightly h igher (up to 0.5 jam). In col- 
chic ine-treated  fish from acid water, mitosis of filament 
cells was frequently  observed (abou t  25 -30  per m m  of 
ep iderm al length in cross sections). It occurred  in all lay­
ers except in the u p p e rm o s t  and  the innerm ost  layer of 
the epidermis. M itosis  was also observed  in colchicine- 
un trea ted  fish. F i lam en t-con ta in ing  cells differentiating 
into e ither m ucous  cells o r  club cells were found in the 
sam e areas  as the m ito tic  cells. The  endocy to tic  activity 
of the basal filament cells was suppressed  a lm ost  c o m ­
pletely after 3 h, and  was res tored  at day  1. T he  basal 
lam ina  becam e highly undu la ting ,  and  this lasted 
th ro u g h o u t  the experim ent.
Mucous cells. M ucus  secretion was s t im ula ted  at the be­
ginning  of the exposure  period. It was reflected by the 
presence of m ost m u co u s  cells close to the ep iderm al su r ­
face and  by a significant (P  <  0 .0 0 1 ) decline of the total 
n u m b er  of m ucous  cells (Table 2) after 24 h and  3 days. 
The  n u m b e r  of m ucous  cells was restored  later, and  de­
clined significantly (P <0 .001) again  after 23 days. In the 
first 14 days of exposure  to the acidified water, the newly 
synthesized m ucosom es  - of a b o u t  0.4 0.6 (am in d ia m e ­
ter - show ed a high electron density  (Figs. 11,15), which 
becam e visible a lready  after 24 h. Fused m ucosom es  of 
high electron density, as well as a p o p to t ic  newly differen­
tia ted m u co u s  cells, were co m m o n ly  found. M ost m ucous  
cells were e longated  ra th e r  than  oval shaped, with a 
length up to 20 (im. Such cells show ed synthesising ac tiv ­
ity (a b u n d a n t  rE R  and  m any  Golgi systems from which 
new m ucosom es  budded) at their  basal pole, close to the 
nucleus. This pa r t  was connected  with a s t ra n d  of cy to ­
plasm  to the apical pole where release too k  place 
(Fig. 15). At day  23 dense m ucosom es  becam e less c o m ­
m on. W hereas  in the con tro ls  the m ucous  layer usually
d isappeared  du r ing  fixation, in acid-exposed fish a m u­
cous layer of 7 -9  f.tm th ickness frequently  rem ained  a t­
tached to the ep iderm al surface (Fig. 20). This  layer, as 
well as som e of the m ucosom es  (Fig. 12) and  the cyto­
plasm of a p o p to t ic  m u co u s  cells (Fig. 14), show ed a posi­
tive reaction  in the perox idase  test.
Chloride cells. C lusters  of 4 -6  ch loride  cells, absen t  in the 
contro ls ,  were co m m o n ly  seen from day 3 o n w ard s  in the 
u p p er  ep iderm al cell layers (Fig. 16). They  were cha rac ­
terised by an extensive tu b u la r  system an d  m any  m ito­
chondria ,  and  were connected  by desm osom es  to ad ja ­
cent pavem ent cells. M ost ch loride  cells show ed  an apic I 
crypt. Accessory ch loride  cells were also present. Occ - 
sionally chloride  cells with the high electron density of 
a p o p to t ic  cells (W endelaar  B onga  and  Van der Meij 19<" )) 
were observed. Som e of the la tter  cells were engulfed v 
m acrophages .  At the end of the experim ent (day 23), ch - 
ride cells were only occasionaly  seen.
Club cells. The  cy top lasm  a ro u n d  the nucleus con ta in  d 
extensive rE R . Golgi systems, an d  m an y  free ribosomes. 
Small vesicles, possibly p r im ary  lysosomes, were found n 
the Golgi areas  and  in the cell periphery , close to the 
o u te r  cell m em bran e .  Som e of the club cells had  lai e 
phagosom es. After 3 h and  until day  14, m any  club cc Is 
were located  close to the skin surface. At day  3 the num ­
ber of club cells was significantly (PcO.OOl) reduce .1, 
w hen c o m p ared  to con tro l  fish (Table 3). At day  7, ho - 
ever, their  n u m b e r  was back to con tro l  values and  at da s 
14 an d  23 was significantly ( P < 0.001) h igher th an  in t e 
controls .
Leucocytes. A lready  after 3 h, m ac ro p h ag es  (Fig. 18). is 
well as lym phocytes , had  pene tra ted  the epidermis. Fn  n 
day  1 onw ard ,  also m any  eosinophilic  and  basoph  ic 
g ranu locy tes  ex travasa ted  and  ap p ea red  in the dern il 
connective  tissue and  in the ep iderm is  (Fig. 1()). 
M ac ro p h ag es  and  basophilic  g ranu locy tes  ap p ea red  vi ry 
active, with well devejoped rE R  and  Golgi areas, and
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------  ^
Fig. 17. C lub cell conta in ing  a leucocyte {le); a lymphocyte (ly) p s- 
sibly penetrates this cell. pH 5, 3 days, x 6500
Fig. 18. M acrophage  conta in ing  a phagosom e (p) and a lysosome /). 
in the epidermis. pH 5, 14 days, x 9000
Fig. 19. Eosinophilic granulocyte  (g) between filament cells (/) oi ¡lie 
epidermis; pH 5, 3 days, x 14 800
Fig. 20. Sensory process of solitary chemo-sensory cell (c) protrud­
ing at the skin surface; m part of the mucus layer. pH 5, 14 davs. 
x 14 200
Fig. 21. A Merkel cell (A/) at early stages of necrosis, showing swol­
len cytoplasm and electron-dense secretory granules (arrows). pH 5. 
24 h. x 20 500
Fig. 22. A Merkel cell (M) with many secretory granules and other­
wise norm al structure, located close to the skin surface. pH 5. 3 
days, x 18 000
Fig. 23. Rem nants  of melanocyte extensions (arrows) in the epider­
mis close to the skin surface. pH 5, 14 days, x 5200
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Fig. 24A,B. Schematic diagram 
cross-sections of the skin of co 
trol carp  (A) and carp  exposed 
23 days to water of pH 5 (B). 
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several phagosom es .  Several lym phocytes  an d  g ra n u lo ­
cytes were found ad jacen t to club cells and  the im pres­
sion was tha t  they had  en tered  club cells (Fig. 17). The  
la tter  ap p a ren t ly  had  an in tact o u te r  m em b ran e  and  did 
not show  signs of degenera tion .
Sensory elements. Several Merkel cells were necrotic  d u r ­
ing the first 24 h (Fig. 21). After 14 and  23 days, the n u m ­
ber of secretory granules  in these cells (Fig. 22) increased 
from 10-15 in con tro ls  to 30-40  granules  per cell profile 
in the acid exposed fish. F rom  day  7 onw ards ,  solitary  
chem o-sensory  cells (Fig. 20), with extensions con ta in ing  
a core of m icro tubu les  projecting  into  the m ucous  layer, 
were observed in all the experim enta l  fish.
Derm is
D erm al papillae  were very c o m m o n  from the th ird  day  
onw ards .  Shortly  after w a te r  acidification the endothelia l  
cells of the capillaries becam e ex tended  in the d irection  of
the epidermis. W hereas  in the con tro ls  the capilla os 
were located at a d is tance  of a b o u t  60 (.tin from the b; al 
lam ina, this d is tance  g radua lly  decreased to only few im 
at day  3 in acid water. The  endo- and  exocyto tic  acti ity 
of the endothelia l  cells a lm ost  com plete ly  disappe;i ed 
w ithin  3 h after the s ta r t  of the experim ent. This  acti ity 
was resum ed a lready  at day  1 and  was back to norm al it 
day  3.
Melanocytes. T he  skin of experim enta l  fish was darker 
than  th a t  of con tro l  fish. The  p igm ent g ranu les  were lo­
cated  in the cy top lasm ic  ex tensions of the m e lanocues  
ra the r  than  in the cell bodies. These cy top lasm ic  exten­
sions were no longer restricted to the derm al connective 
tissue: a lready  after 3 h they pene tra ted  into the basa l  
layers of the epidermis. W ith in  3 days an d  until the end ol 
the experim ent they were observed  all over the epidermis, 
up to one layer from the ep iderm al surface (Fig. 23). 
Som e of the m elanocy te  processes were a p o p to t ic  and  
confined within m acrophages .
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Acid water - p H  6.0
1 ie effects of exposure  to pH 6.0 were in m any  respects 
similar to those  of exposure  to pH  5, a l th ough  from a 
quantita tive  po in t  of view in te rm ed ia te  between those 
observed in the la tter  g ro u p  and  the contro ls ,  or occurred  
later th a n  in pH  5.
1 pidermis
I ie th ickness of the ep iderm is  was significantly (P <0 .01)  
r duced at day  3 (Table 1), but it increased later and  
s ibilised at  con tro l  levels.
ƒ lament cells. After 24 h onw ards ,  pavem en t  cells were 
a tively synthesising and  secreting small secretory  vesi- 
c s tha t  reacted positively with the perox idase  test. The 
\ s ides were less a b u n d a n t  than  at pH  5. The  glycocalyx 
a >o reacted positively. The  tight ju n c t io n s  between the 
pavement cells were intact. T he  height of the m icroridges
ii creased to a b o u t  0.45 j.t m. A p o p to t ic  cells were only 
occasionally observed. T he ir  cy top lasm  show ed peroxi- 
d se activity. Necrosis  was rarely found. The  n u m b e r  of 
n totic cells, m ostly  in the n e ig h b o u rh o o d  of club cells, 
v is 35 -40  per m m  of skin section. T he  endocy to t ic  activ- 
it in the basal layer of filament cells slightly d im in ished  
d ring the first day. T he  basal lam ina  becam e slightly 
tii dulating.
!\ ncous cells. F rom  24 h o n w a rd s  the n u m b e r  of m ucous  
1 Is was significantly (P <0 .01)  low er w hen c o m p a re d  to 
: ntrols (Table 2). T he  lowest n u m b e r  was found on day 
3 but it rem ained  below con tro l  values th ro u g h o u t  the 
? periment. D ifferentia ting  m u co u s  cells were found only 
i the m iddle  an d  u p p er  ep iderm al layers. The  m ucous  
sides were sm aller  than  in the contro ls .  E longated  cells 
: nnected by desm osom es, show ing  m u co so m e  release at 
I e top  and  synthesis at the basal pole, were co m m on . 
\  ter fixation a m u co u s  layer of a b o u t  1-2  jim th ickness 
v na ined  a t ta c h e d  to the ep iderm al surface. It show ed 
> ine perox idase  activity.
loride cells. Single ch loride  cells a p p e a red  after 3 days 
d clusters of 2 -3  cells after 7 days. O n day  23, chloride 
d  Is were rarely seen.
lub cells. T he  n u m b er  of club cells was only slightly 
ecreased du r ing  the first week, but significantly 
< 0 .0 1 ) increased la ter  on when c o m p a re d  to con tro l  
l' els (Table 3). C lub  cells were found close to the skin 
irface as well as at their  n o rm a l  location  (e.g., in mid- 
3idermal layers). Only  a few club cells con ta ined  leuco­
ses.
'nsory elements. P ro jections of solitary  chem o-sensory  
ills were c o m m o n  from day 7 onw ards .
ermis
lie endocy to tic  activity of the endothelia l  cells of the 
ood capillaries d im in ished  slightly d u r in g  the first day.
At the sam e time the endothelia l  cells becam e ex tended  in 
the d irection  of the basal lam ina, an d  after 7 days cap il­
laries were present very close to this lamina.
Melanocytes. T he  skin was slightly d a rk e r  than  in the 
contro ls .  P igm ent granules  were located in the periphery  
of the m elanocytes. Pene tra t ion  of cy top lasm ic  ex ten ­
sions of these cells into the ep iderm is was restricted to the 
first 3 days. Afterwards, in the epiderm is only rem nan ts  
were observed, mostly  within m acrophages .
A d iag ram  of the ep iderm is  and  the underly ing  derm is 
of acid-exposed fish is presented  in Fig. 24.
Discussion
The results of this s tudy  show  th a t  exposure  of fish to 
acid w a te r  had p ro n o u n ce d  effects on the ep iderm al and  
derm al skin layers. These effects are  for a small part  d e ­
generative. M ost effects represent adap t ive  changes. 
T heir  extent and  com plexity  reflect the physiological im ­
po r tance  of the skin as a pro tective  barr ie r  against  the 
direct (H -pene tra t ion)  and  indirect (increased suscepti­
bility to infections) effects of low w ater  pH.
Epidermis
The thickness of the ep ithelium  show ed an initial d e ­
crease and  a subsequen t  increase above  con tro l  values. 
The  decrease was associated  with degenera t ion  an d  shed- 
ding of m any  pavem ent cells and  m ucous  cells at the 
ep iderm al surface, which ap p a ren t ly  su rpassed  the rate of 
cell replacem ent. Necrosis, a process reflecting accidental 
cell dea th  (Wyllie 1981), and  perhaps  a direct effect of 
reduction  of the w ater  pH , was p ro m inen t  d u r in g  the first 
days. D egenera t ion  by apoptosis ,  which is the co n v en ­
tional, physiologically  con tro lled  cell dea th  (Wyllie 1981) 
increased d u r in g  the first week and  d o m in a ted  later. This 
reflects accelerated  ageing  of the cells, caused  by their 
increased activity or, directly, by the low w ater  pH. N e­
crosis a n d  apop tos is  were also reported  for the gill ep i­
thelium of acid-exposed tilapia, Oreochromis mossambi- 
cas (W endelaar  B onga  et al. 1990).
O u r  observa t ions  of co lchicine-treated  fish indicate  an 
increase of m ito tic  activity of the ep iderm al cells in acid- 
exposed fish. T he  ap p ea ra n ce  of m ito tic  figures in co l­
ch ic ine-un trea ted  fish from acid w ater  also su p p o r ts  this 
view. T he  subsequen t  increase in ep iderm al th ickness is 
therefore p ro b ab ly  caused by an increase in the n u m b er  
of filament cells and  later also by the increase in the n u m ­
ber of club cells. The  infiltration of the ep iderm is  by 
m any  leucocytes m ay further co n tr ib u te  to the increase in 
skin thickness. T he  higher m ito tic  rate, toge ther  with the 
ap p e a ra n c e  of m a n y  a p o p to t ic  cells, indicates th a t  at this 
pH  the tu rn o v e r  rate  of the cells was increased. This c o n ­
clusion was also d raw n  for ep iderm al cells and  gill cells of 
tilapia exposed to acid w ater  (W endelaar  B onga et al. 
1990). The  increased m ito tic  rate in fish at pH  6 , in c o m ­
b ina tion  with a skin thickness tha t  is hard ly  increased, 
also reflects increased cell tu rnover.  An increase in ep i­
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derm al th ickness as found here for fish at pH  5 has been 
reported  earlier in o u r  studies on the effects of m a n u re  
(Iger et al. 1988) and  w o u n d in g  (Iger and  A b ra h a m  1990) 
on carp, and  of acid w ater  on tilapia (W endelaar  Bonga el
al. 1990).
The  regula tion  of ep iderm al cell pro lifera tion  is under  
endocrine  contro l,  and  cortisol as well as p ro lac tin  have 
been implicated (W endelaar Bonga and  Meis 1981; Iger 
1992). W h e th e r  this also holds for apop tos is  is unknow n . 
In add it ion  to endocrine  factors d is tr ibu ted  by the b lood 
circulation, local factors p roduced  in the ep iderm is  itself 
m ay be involved. Budtz and  Spies (1989) no ted  tha t  in the 
skin of the toad  BuJ'o bufo a p o p to t ic  cells were often 
found in the presence of Merkel cells and  suggested tha t 
the la t ter  cells p roduced  apop to s is -s t im u la t ing  s u b ­
stances. Both Merkel cells and  club cells co n ta in  se ro to ­
nin (Fujita et al. 1988; Z accone  et al. 1990)
The endocy to tic  activity norm ally  observed  basally in 
the basal layer of filament cells was reduced on the first 
day  at bo th  pH  5 and  6 . This was also observed  after 
w o u n d in g  in ca rp  (Iger an d  A b ra h a m  1990). T h ro u g h  
this process m etabolites  m ay pass from the derm is  to 
these cells. Thus, shortly  after water-acid ification  the ac ­
tive up tak e  of m etaboli tes  seems to be reduced transien t-  
l y -
The tight ju n c t io n s  between the pavem en t cells re­
m ained  intact and  unchanged . In the gill ep ithelium  of 
t ro u t  (Oncocorhynchus m ykiss ), F reda  et al. (1991) o b ­
served tha t  the tight ju n c t io n s  between pavem ent cells 
and  chloride cells were less extensive in acid w ater  than  in 
neu tra l  water.
The high secretory  activity of the pavem ent cells in 
acid w ater  was associated  with a m ore  e labo ra te  cy- 
toskeleton, including the term inal web. Also the m ic ro ­
ridges were slightly h igher in the fish from acid water. 
This p h en o m en o n  has been reported  earlier, e.g., for fish 
in w ate r  with o rgan ic  m a n u re  (Iger et al. 1988). Increase 
of in tercellu lar spaces, which frequently  occurs  in the epi­
derm is of stressed fish (W hitear  1986; W ende laa r  Bonga 
and  Lock 1992) did not occur.
The pavem ent cells p roduced  e lec tron-dense  secretory 
vesicles. Similar vesicles have been described before in the 
skin of o th e r  fish species (e.g., W endelaar  Bonga and  Meis 
1981) and  their ap p ea ran ce  has been corre la ted  with c o ­
pious secretion from the surface cells (W hitear  and  M ittal
1986). This is su p p o r ted  by o u r  findings, show ing  a c o n ­
siderable increase in the fo rm ation , s torage, an d  release 
of these vesicles in the pavem ent cells of ca rp  exposed to 
acid water. Surprisingly, som e of these secretory vesicles 
displayed peroxidase  activity. This enzyme activity was 
also found in the glycocalyx covering  these cells, ind ica t­
ing tha t  it was released from these vesicles to the cell 
surface. O n top  of a p o p to t ic  cells, which show ed a 
s trongly  d im inished secretory activity, the glycocalyx dis­
played only a low peroxidase  activity. Since peroxidase  
activity was detected  m ainly  in vesicles of cells lacking 
cover of glycocalyx at skin surface, we assum e tha t  the 
massive po lym eriza tion  of D A B  at the skin surface, in 
p a r t icu la r  at the surface of intact cells, reduced its pene­
tra t ion  into these cells. T he  enzym e activity m ay have an 
an tibac ter ia l  function.
Mucous cells. The  secretion of m ucus  by fish skin is great­
ly s t im ula ted  in acid water. This has been reported  earlier 
for fish in acid w ater  (e.g., D aye and  G ars ide  1976; Wen­
d e laa r  Bonga et al. 1990), as well as for fish exposed to 
p o l lu tan ts  (Iger 1992; Benedetti et al. 1989). T he  relative­
ly thick layer of m ucus  a t tach ed  to the ep iderm al surface 
in fish from low pH  m ay have been formed by the coagu­
lation of m ucus  under  this cond it ion  (F ro m m  19.S0). 
G re a te r  adherence  to the skin m ay  also be caused  b\ a 
change  in chemical com p o s i t io n  of m ucus  (G ona  1979) >r 
by a l te ra t ion  in the b ind ing  capacity  of the skin surface 
(higher m icroridges, m ore  e lab o ra te  glycocalyx). In o ir 
experim ent changes  in m ucus  com pos i t ion  are indicat d 
by the higher electron density  of the m uco som es  and  y 
their peroxidase  activity. The  sm aller size of the muc >- 
somes m ay  also reflect a h igher viscosity of the muc is 
(Lewis 1976). To the best of o u r  knowledge, the appc - 
ance of newly differentiated m u co u s  cells close to the si n 
surface, as we found in acid water, has not been previous­
ly reported .
Acid w ater  had also an  effect on the secre tory  process 
of the m u co u s  cells. In the con tro ls  the m ucus  was re­
leased from ro u n d ed  gob le t-shaped  cells, which displax d 
very little synthetic  activity. At low w ater  pH, how e\ r, 
the cells becam e m ore  e longa ted  and  in their basal p ii t 
the synthesis of m ucus  vesicles a p p a re n t ly  co n t in u ed  d ir- 
ing the release of m ucus  from the apex of the cells. App - 
ently, the secretory  po ten tia l  of the m ucous  cells was ex­
ploited m ore  fully in acid w a te r  th an  under  con tro l  c< i- 
ditions.
Chloride cells. In con tro l  fish chloride  cells were foi id 
only in the gills and  in the ep ithelium  covering  the inner 
side of the opercu lum  of these fish (W endelaar  Bon i. 
unpublished). W ithin  3 days in acid w a te r  they also >  
peared  in the skin covering  the head, ind ica ting  that he 
time of differentiation of these cells was less than  th 4 
days suggested by C hre tien  and  P isam  (1986) for Lehi> es 
reticulums. Following the descrip tion  of chloride  cells in 
tilapia (W endelaar  Bonga et al. 1990), we identified a t \  s- 
sory (replacement), im m atu re ,  an d  a p o p to t ic  chloi le 
cells. The  ap p ea ran ce  of these ion t ra n sp o r t in g  cells n iy 
be connected  with d is tu rban ce  of ionic regula tion  in acid- 
exposed fish, and  indicates tha t  the ion -regu la to ry  cap c- 
ity of the gill a rea  is insufficient d u r in g  the first weeks of 
acid stress. A p o p to t ic  chloride  cells were phagocytosed 
by m acrophages ,  in co n tra s t  to the a p o p to t ic  rem nan ts  ol 
pavem en t and  m ucous  cells, which were shed. This  con­
firms o u r  observa t ions  on pavem ent cells and  chloride 
cells in the gills of tilapia (W endelaar  Bonga and  Van der 
Meij 1989; W ende laa r  Bonga et al. 1990).
Club cells. An increase in club cell n u m b ers  as a response 
to a stressor, in the present experim en t w a te r  acidifica­
tion, has not been previously reported . These cells are 
character is t ic  for the ep iderm is  of several o rders  of teleost 
fish and  have been suggested to be the source  of a specific 
a la rm  substance  (at least in o s ta r iophysans ,  Pfeiffer 1977: 
W h itea r  1986) and  o th e r  b ioactive substances, including 
sero ton in  (Zaccone et al. 1990).
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L eucocytes. R eduction  of w ate r  pH  im m ediate ly  evoked 
infiltration of the ep iderm is  by different types of leuco­
cytes. This  p h e n o m e n o n  has co m m o n ly  been described 
for the ep ithelium  covering  in the gills, as a response  to a 
v iriety of s tressors such as w ate r  po llu tan ts ,  or hand ling  
i the fish (for reviews see M alla tt  1985; W ende laa r  Bon- 
g i and  Lock 1992). We have repor ted  leucocyte infiltra- 
t >n in the skin of ca rp  after t rea tm en t  of the w ater  with 
n anure  (Iger et al. 1988), lead (Iger 1992) an d  after 
v n ind ing  of the fish (Iger and  A b ra h a m  1990). This  infil- 
t ition m ay  at least partia lly  explain the leucopenia  tha t 
i' characteris t ic  for stressed llsh (Pickering and  Po tt inger  
>87). Surprisingly, leucocytes seemed to pene tra te  non- 
c generative club cells. The  sam e p h e n o m e n o n  was ob- 
s rved in fish kept in w a te r  co n ta in in g  heavy m etals  such 
;i lead and  cad m iu m  (Iger 1992). W h e th e r  o r  not the club 
i Is act as “ killer cells” for the leucocytes is unclear;  it is 
k own tha t  club cells con ta in  toxins (A l-H assan  et al. 
1987).
Se nsory elements. T he  Merkel cells were a m o n g  the first 
to degenera te  in acid water. D egenera t ion  of sensory  ele­
ments in response to en v iron m en ta l  changes  has been 
reported before, for ins tance after exposure  to copper  
( enedetti et al. 1989) or m ercury  (Pevzner et al. 1986).
ie appearan ce ,  later on, of m any  so litary  chem o-senso-  
r cells in the ep iderm is of acid exposed fish, m ay be 
c her a response associa ted  with the thick and  viscous 
i icous cover th a t  m ay  h a m p e r  sensory  percep tion  o r  a 
c ect effect of the d ro p  in w a te r  pH.
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1 rmis
1 posure  to acid w a te r  induced extension of endothelia l
c Is in the d irec tion  of the basal lam ina, followed by
a biogenesis. This m ay  be connec ted  with g rea te r  nutri-
t nal requ irem en ts  of the ep iderm is  caused  by the in-
c ased mitosis and  cellular activitv. In the derm is  of fish
k pt at pH  5, it m ay  also be connected  with the increased
t ckness of the ep ithe lium : because of the o u tg ro w th  of
ti capillaries, the diffusional d is tance  between the b lood
i .I the upper  ep iderm al layer rem ained  a b o u t  the same.
M lanocytes. In ac id-exposed  fish we observed  increased 
'»lamentation of the skin an d  the ap p e a ra n c e  of p igm ent- 
.‘onta in ing  cy top lasm ic  ex tensions of these cells in the 
epidermis. We have reported  similar p h e n o m e n a  for ca rp  
rom w ate r  pollu ted  with m a n u re  (Iger et al. 1988) or 
leavy m etals  (Iger 1992), and  they m ay be a general re- 
ponse to stressors. T he  significance of the pen e tra t io n  of 
>igment co n ta in in g  processes in the ep iderm is  is unclear, 
t does no t  seem to co n tr ib u te  no ticeably  to the co l­
l a t io n  of the skin. This is eventually  affected by the 
edistr ibution of m elanosom es  between m elanocy te  cell- 
»odies and  the cellular processes. It m ay represent some 
3rm of defense m echanism , because in term edia tes  of the 
melanin synthetic  p a thw ays  have bacteric idal capacities 
s a result of hydrogen  peroxide  genera t ion  th ro u g h  
M D H  ox ida t ion  (Edelstein 1971; Ellis 1977).
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